Introduction
============

Erbin is the founding member of the leucine-rich repeat and PDZ (PSD-95/DLG/ZO-1) domain (LAP) protein family.^[@bib1],\ [@bib2]^ The known LAP protein family includes four mammalian proteins hScrib, Erbin, Densin-180 and Lano, one *Drosophila melanogaster* protein Scribble and one *Caenorhabditis elegans* protein LET-413.^[@bib3],\ [@bib4],\ [@bib5],\ [@bib6]^ LAP proteins are generally localized at the basolateral membrane or associated with lateral junctions in polarized epithelial cells of worms, flies and humans. The functions of LAP proteins in establishment of cell polarity and maintenance of epithelial cell integration have been discovered.^[@bib5],\ [@bib7],\ [@bib8]^ Mutation of *LET-413* results in the absence of adherens junctions and disruption of epithelial integrity.^[@bib9]^ Similar characteristics are identified in *Drosophila melanogaster Scribble* mutant. Depletion of mammalian *Scribble* leads to the loss of intracellular adhesion and cell migratory directionality.^[@bib10]^ Erbin, a human homologue of LET-413, is localized basolaterally and proposed as a mediator of basolateral trafficking. The binding partners of Erbin are mainly the components of adherens junctions and proteins involved in cell attachment to substrates, indicating that Erbin has an important role in cell polarization.^[@bib11],\ [@bib12]^

Numerous studies suggest that the LAP family may act as scaffolding molecules for organizing signal transduction proteins into complexes and orienting signaling molecules to physical or functional interfaces.^[@bib13],\ [@bib14],\ [@bib15]^ Erbin interacts with scaffold protein Sur-8 and disrupts the Sur-8--Ras--Raf interaction, inhibiting the Ras-mediated activation of the mitogen-activated protein kinase.^[@bib16],\ [@bib17],\ [@bib18]^ Our recent study also indicates that Erbin may be a double modulator in extracellular signal-regulated kinase (ERK) signaling pathway, because Erbin mediates catecholamine-induced β2-AR/Her2 complexation and promotes catecholamine-induced activation of ERK signaling in cardiomyocytes.^[@bib19]^ The leucine-rich repeat domain of Erbin mediates the interaction of Erbin with Nod2 and inhibits Nod2-dependent activation of nuclear factor κB.^[@bib20],\ [@bib21]^ Erbin is also considered as a negative modulator of transforming growth factor-β signaling by blocking oligomerization of Smad2/Smad3 with Smad4.^[@bib22],\ [@bib23]^ During the past few years, the findings reveal that the regulatory roles of Erbin in signal transduction have become increasingly complex. The functions of Erbin in diverse signaling events are far from understood.

Apical/basal polarization and integration of epithelial cells are essential to their function and the loss of epithelial polarity and tissue architecture correlates with the development of aggressive tumors, raising the possibility that cell proliferation and polarity can be functionally coupled.^[@bib24]^ Several members of LAP family have been considered as tumor suppressors.^[@bib25],\ [@bib26],\ [@bib27]^ However, there is little information regarding the expression and distribution patterns of Erbin in human tumor tissues in the literatures. The potential functions of Erbin in human cancer are basically unknown.

In this study, we demonstrate that the expression of Erbin is significantly decreased or even lost in cervical cancer tissues. Loss of Erbin induces the phosphorylation of signal transducer and activator of transcription factor 3 (STAT3), endows cervical cancer cells with resistance to anoikis both *in vitro* and *in vivo* and promotes the growth and metastasis of human cervical cancer xenografts in nude mice. Our data suggest that Erbin may act as a key regulator of cancer progression by inhibiting STAT3 activation.

Results
=======

Loss of Erbin protects cervical cancer cells from cell-detachment-induced anoikis
---------------------------------------------------------------------------------

The epithelial junctions are important in the regulation of cell polarity.^[@bib24]^ Erbin is associated with the junctional membrane-associated proteins, such as the p120 catenin family proteins p0071 and δ-catenin, which are thought to interact with classic cadherins or desmosomal cadherins. Mutations of the junctional components disrupt cell polarity.^[@bib12]^ Erbin also binds to β4-integrin and bullous pemphigoid antigen 1, which are involved in cell attachment to the extracellular matrix.^[@bib28]^ Loss of cell adhesion triggers apoptosis, a process termed anoikis, in epithelial cells. Malignant tumor cells often develop resistant to anoikis, which enables their survival after detachment from the extracellular matrix.^[@bib29],\ [@bib30],\ [@bib31],\ [@bib32]^ When HeLa cells transfected with Erbin siRNA or control siRNA were cultured in the plates coated with PolyHEMA in the media containing 1% serum or no serum, they grew predominantly as a single-cell suspension and underwent anoikis after loss of detachment for 72 h, with the anoikis rates of 26.83% for the cells in low-serum (1%) media and 30.56% for the cells in serum-free media, respectively ([Figures 1a and b](#fig1){ref-type="fig"}). Interestingly, knockdown of Erbin resulted in a significant reduction in anoikis (∼5.75% for low serum and ∼12.79% for serum-free). To confirm the role of Erbin in anoikis, we established HeLa cells stably expressing Erbin-specific shRNA (HeLa/Erbin-sh) and control shRNA (HeLa/NC) by lentiviral transduction and analyzed the activation of caspase-3 in response to cell detachment by western blot. Cleavage of full-length caspase-3 was seen in suspension-cultured HeLa/NC cells ([Figure 1c](#fig1){ref-type="fig"}). However, the activation of caspase-3 was not remarkable in HeLa/Erbin-sh cells. Resistance to anoikis has been described in many types of human malignancies, including gastric, mammary, colon and lung cancers. To determine whether deficiency of Erbin affects anchorage-independent growth, we performed colony-formation assays. The data show that HeLa/Erbin-sh cells exhibited a higher capability of colony formation in soft agar ([Figure 1d](#fig1){ref-type="fig"} and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Similar data were obtained in C33A ([Figures 1e--g](#fig1){ref-type="fig"} and [Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}) and CaSki cells ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). These results demonstrate that loss of Erbin confers resistance of cervical cancer cells to cell-detachment-induced anoikis and promotes tumor cell survival.

Loss of Erbin induces STAT3 activation in cervical cancer cells
---------------------------------------------------------------

Activation of focal adhesion kinase (FAK) and Src are known to participate in protecting cells from anoikis.^[@bib29],\ [@bib30]^ To dissect the signaling pathways involved in Erbin-deficiency-associated anoikis resistance, we examined the phosphorylations of FAK and Src in HeLa/NC and HeLa/Erbin-sh cells. [Figure 2a](#fig2){ref-type="fig"} shows that the phosphorylation level of FAK was significantly increased when the cells were cultured in media containing 10% fetal bovine serum (FBS). Knockdown of Erbin did not importantly influence FAK activation. No change in the phosphorylation of Src was observed in both HeLa/NC and HeLa/Erbin-sh cells ([Figure 2b](#fig2){ref-type="fig"}). These data suggest that the activity of FAK or Src is not influenced by Erbin.

The recent studies reveal that the activation of STAT3 mediates anoikis resistance in esophageal squamous cell carcinoma and colon cancer.^[@bib33],\ [@bib34]^ We examined the phosphorylation of STAT3 at tyrosine residue 705. When the cells were cultured in the media containing 1% or no serum, increased phosphorylation of STAT3 was noticed only in HeLa/Erbin-sh cells but not in parental or HeLa/NC cells ([Figure 2c](#fig2){ref-type="fig"}). To further test whether STAT3 is activated in response to Erbin-knockdown-associated anoikis, STAT3 phosphorylation was analyzed in the cells cultured in suspension. [Figure 2d](#fig2){ref-type="fig"} shows that the phosphorylation of STAT3 was started at 48 h after loss of cell attachment in HeLa/NC cells. However, in HeLa/Erbin-sh cells a stronger STAT3 activation occurred significantly earlier (24 h), implicating that Erbin may be involved in modulating STAT3 activation. To confirm this, the cells were starved in serum-free media and then STAT3 phosphorylation was analyzed. In HeLa/NC cells, the phosphorylation level of STAT3 was decreased after starvation for 12 h. Conversely, a sustained elevation in STAT3 phosphorylation was clearly observed in HeLa/Erbin-sh cells ([Figure 2e](#fig2){ref-type="fig"}). The previous studies have demonstrated that catecholamine stimulation can induce STAT3 activation in ovarian and breast cancer cells.^[@bib35],\ [@bib36]^ The effect of catecholamine was verified in both HeLa/NC and HeLa/Erbin-sh cells by treating the cells with isoproterenol (ISO; [Figure 2f](#fig2){ref-type="fig"}). Interestingly, ISO stimulation induced a stronger activation of STAT3 in a time-dependent manner in HeLa/Erbin-sh cells, compared with HeLa/NC cells. The data suggest that Erbin negatively regulates the STAT3 activation.

A surprising finding is that the level of Erbin was significantly downregulated when HeLa/NC cells were cultured in suspension. Low level of Erbin was maintained in suspension-cultured HeLa/NC cells until 48--72 h ([Figure 2d](#fig2){ref-type="fig"} and [Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). There was no significant alteration in the Erbin expression at the transcription level ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}), suggesting that the downregulation of Erbin expression may occur at a post-transcriptional level. Pretreatment of suspension-cultured HeLa and C33A cells with MG132, an established proteasome inhibitor that disrupts protein degradation ([Supplementary Figures S2C and S2D](#sup1){ref-type="supplementary-material"}), remarkably inhibited the reduction of the Erbin expression in response to cell detachment, implicating that loss of cell detachment resulted in degradation of Erbin. However, the molecular mechanisms of Erbin degradation in response to cell detachment remain to be further investigated.

Loss of Erbin expression confers resistance of cervical cancer cells to anoikis in a STAT3-dependent manner
-----------------------------------------------------------------------------------------------------------

To address the potential role of STAT3 activation in Erbin-knockdown-induced anoikis resistance, we constructed HeLa cells stably expressing STAT3C, a constitutive active form of STAT3 (HeLa/STAT3C cells) and analyzed cellular apoptosis after suspension culture for 48 and 72 h. As shown in [Figures 3a and b](#fig3){ref-type="fig"}, the anoikis rates of the control cells, which were transfected with the empty plasmid (HeLa/Vector), were 15.94% for 48 h and 38.57% for 72 h. Overexpression of STAT3C remarkably suppressed cell apoptosis in response to cell detachment (6.76% for 48 h and 16.55% for 72 h). The treatment of the cells with WP1066, a potent inhibitor of Janus-activated kinase 2 (Jak2)/STAT3, effectively abrogated the effect of Erbin knockdown on cell survival under anchorage-independent conditions ([Figures 3c and d](#fig3){ref-type="fig"}), reconfirming the critical role of STAT3 activation in anoikis resistance associated with Erbin deficiency. Interestingly, no remarkable difference in cell apoptosis existed between HeLa/NC and HeLa/Erbin-sh cells under conventional culture conditions, and inhibition of STAT3 activation by WP1066 did not cause an increase in cell apoptosis ([Figures 3e and f](#fig3){ref-type="fig"}), indicating that the STAT3 signaling pathway modulated by Erbin has a distinct role in cell-detachment-induced anoikis. The previous studies demonstrate that Erbin inhibits Ras-Raf-ERK pathway,^[@bib16],\ [@bib17],\ [@bib18]^ which also participates in regulation of anoikis.^[@bib29],\ [@bib37]^ We found that knockdown of Erbin triggered an enhanced ERK phosphorylation in cervical cancer cells ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). To verify the specificity of STAT3 signaling pathway in cell-detachment-induced anoikis, we utilized the specific inhibitors of ERK signaling, U0126 and PD98059. As demonstrated in [Figures 3g and h](#fig3){ref-type="fig"}, the sensitivity of HeLa/Erbin-sh cells to anoikis was dramatically restored by WP1066 but not by U0126 and PD98059. These data indicate that loss of Erbin expression confers resistance of cervical cancer cells to anoikis in a STAT3-dependent manner.

Erbin negatively regulates interleukin (IL)-6/STAT3 pathway and IL-6-induced anoikis resistance
-----------------------------------------------------------------------------------------------

STAT3 is an important transcription factor in inflammatory pathways and has crucial roles in inflammation-mediated tumor promotion and metastasis.^[@bib38],\ [@bib39]^ IL-6 is a major STAT3 activator. Circulating level of IL-6 is frequently elevated in cancer patients. To determine whether IL-6 is involved in cell-detachment-induced anoikis resistance, we treated HeLa cells with IL-6 and analyzed cell apoptosis. [Figures 4a and b](#fig4){ref-type="fig"} show that 47.08% of HeLa cells underwent apoptosis after 72 h of suspension culture. Treatment with IL-6 significantly promoted cell survival (anoikis rate is 24.92%), and the inhibitory rate of anoikis by IL-6 ((apoptotic cells in control group−apoptotic cells in IL-6 treatment group)/apoptotic cells in control group × 100%) was 43.61%. However, the effect of IL-6 stimulation on anoikis was attenuated at 96 h, and the inhibitory rate of anoikis was 7.8% in HeLa/Nc cells. Under the same cultural condition, the inhibitory rate of anoikis by IL-6 stimulation was 25.8% in HeLa/Erbin-sh cells. These data suggest that Erbin knockdown augments the effect of IL-6 on anoikis resistance ([Figures 4c and d](#fig4){ref-type="fig"}).

To interpret the relationship between IL-6, STAT3 and Erbin, we treated HeLa/NC and HeLa/Erbin-sh cells with IL-6 under conventional culture conditions. A transient activation of STAT3 was induced by IL-6 treatment in HeLa/NC cells. However, a stronger and more prolonged phosphorylation of STAT3 was noticed in HeLa/Erbin-sh cells ([Figure 5a](#fig5){ref-type="fig"}). Similar results were observed in CaSki and SiHa cells ([Supplementary Figures S4A and S4B](#sup1){ref-type="supplementary-material"}). Moreover, nuclear translocation of activated STAT3 was markedly increased in HeLa/Erbin-sh cells ([Figure 5b](#fig5){ref-type="fig"}). Knockdown of Erbin also significantly promoted the transcriptional activity of STAT3 either in the presence or absence of IL-6 stimulation as demonstrated by the reporter assays ([Figure 5c](#fig5){ref-type="fig"}). Similar results were also obtained in the suspension-cultured cells ([Figures 5d and e](#fig5){ref-type="fig"}).

The previous studies indicate that negative regulators of STAT3, such as Socs3 and SHP-2, can be induced or activated by IL-6 stimulation.^[@bib40],\ [@bib41],\ [@bib42],\ [@bib43]^ Surprisingly, IL-6 stimulation also dramatically induced the expression of Erbin in a time-dependent manner ([Figure 5a](#fig5){ref-type="fig"}). By real-time reverse transcriptase--PCR, we demonstrate that the expression of Erbin was upregulated at the transcription level in response to IL-6 stimulation ([Figure 5f](#fig5){ref-type="fig"}). The upregulation of Erbin expression by IL-6 was also observed in human ovarian cancer cell line SKOV3 ([Supplementary Figures S5A and S5B](#sup1){ref-type="supplementary-material"}). Overexpression of STAT3C, a constitutive activated mutant STAT3, induced a dramatic upregulation in the Erbin expression at both transcription and protein levels ([Figures 5g and h](#fig5){ref-type="fig"}). As shown in [Figure 5i](#fig5){ref-type="fig"}, IL-6 induction simultaneously promoted the expression of Erbin and phosphorylation of STAT3 in a time-dependent manner, whereas the Jak2 inhibitor AG490 strongly repressed the effects of IL-6 on the Erbin expression and STAT3 activation. These data indicate that a negative feedback loop of STAT3/Erbin exists in response to IL-6 stimulation and that Erbin negatively regulates IL-6-induced STAT3 activation and IL-6-triggered anoikis resistance.

Knockdown of Erbin promotes proliferation and metastasis of cervical cancer cells in nude mice
----------------------------------------------------------------------------------------------

To explore the role of Erbin in proliferation and metastasis of cervical cancer cells *in vivo*, we first injected HeLa/NC and HeLa/Erbin-sh cells subcutaneously into nude mice and monitored the tumor growth. As shown in [Figures 6a and b](#fig6){ref-type="fig"}, HeLa/Erbin-sh cells grew significantly faster than HeLa/NC cells in mice (*P*\<0.01). To evaluate the effects of Erbin knockdown on *in vivo* anoikis, the cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) and then implanted into the peritoneal cavity of nude mice. At 72 h after implantation, the apoptotic rates of the tumor cells from peritoneal cavity were determined by analyzing CFSE and Annexin V-phycoerythrin double-positive cells using FACS (fluorescence-activated cell sorter). HeLa/Erbin-sh cells exhibited a significantly lower apoptotic rate (3.21%) than HeLa/NC cells (6.94%), indicating that HeLa/Erbin-sh cells acquired anoikis resistance *in vivo* ([Figures 6c and d](#fig6){ref-type="fig"}). After implantation for 56 days, we dissected the tissues of the peritoneal cavity. As demonstrated in [Figure 6e](#fig6){ref-type="fig"}, HeLa/NC cells produced only a few tumor foci in the peritoneal cavity, but a large number of metastatic foci were observed in whole peritoneal cavity of the mice injected with HeLa/Erbin-sh cells, demonstrating that knockdown of Erbin promotes proliferation and metastasis of cervical cancer cells in nude mice. We examined the expression of Erbin in human cervical cancer tissues by immunohistochemistry using cervical cancer tissue microarray. The level of Erbin expression in normal cervical tissues was generally high. Surprisingly, the expression of Erbin was very low or even lost in most cervical cancer tissues, and decreased Erbin expression was noticed in 80% (32/42) of the tumor tissues examined ([Figure 6f](#fig6){ref-type="fig"}), suggesting that the reduction of the Erbin level was associated with cervical cancer.

Discussion
==========

It has been reported that the expression and phosphorylation of STAT3 are increased in cervical precancer and cancer lesions.^[@bib44],\ [@bib45]^ The level of STAT3 phosphorylation is significantly correlated with clinicopathological parameters such as lymph node metastasis or tumor size, which are considered as predictors of poor prognosis in cervical cancer.^[@bib46]^ Exploration of the mechanisms underlying regulation of STAT3 activation and identification of key regulators of STAT3 are important for elucidation of cervical cancer pathogenesis and improvement of clinical outcomes. Activation of STAT3 can be triggered by multiple oncogenic and environmental signaling pathways.^[@bib38]^ The activators of STAT3, such as growth factors/growth factor receptors,^[@bib47],\ [@bib48],\ [@bib49]^ cytokines/cytokine receptors,^[@bib39]^ catecholamines/adrenergic receptors^[@bib35],\ [@bib50]^ and nicotin/nicotinic receptors,^[@bib51]^ have critical roles in malignant progression of cancer. However, how STAT3 is inactivated physiologically remains largely unknown. So far, very few STAT3 inhibitors have been identified.

An emerging role of STAT3-negative regulators in cancer progression has been recognized. A recent study shows that ablation of SHP-2, a STAT3 negative regulator, remarkably promotes diethylnitrosamine-induced hepatocellular carcinoma in mice, and the level of SHP-2 proteins is importantly decreased in human hepatocellular carcinoma tissues.^[@bib52]^ Another study reveals that STAT3 activation is tightly regulated by the endogenous feedback inhibitor Socs3, which inhibits STAT3 signaling by binding to gp130. Homozygous deletion of *Socs3* in the pancreas of mice accelerates progression of pancreatic intraepithelial neoplasias and development of pancreatic ductal adenocarcinoma.^[@bib53]^ These studies imply that the negative regulators of STAT3 are also essential determinants in cancer progression.

In the present study, we show that loss of Erbin induces phosphorylation, nuclear translocation and transcriptional activities of STAT3 in cervical cancer cells. It has been reported that Socs3 and SHP-2 can be induced or activated by IL-6, a classical STAT3 stimulus.^[@bib40],\ [@bib41],\ [@bib42],\ [@bib43]^ We found that IL-6 induced STAT3 activation and Erbin expression simultaneously. Overexpression of STAT3C also significantly upregulated the level of Erbin, whereas the Jak2 inhibitor AG490 remarkably blocked not only STAT3 phosphorylation but also IL-6-induced Erbin expression. Our study reveals a novel negative regulator of STAT3 and a negative feedback loop of STAT3/Erbin in response to IL-6 stimulation, although the precise mechanism underlying the induction of Erbin by IL-6/STAT3 pathway is not fully understood.

Detachment of epithelial cells from the basement membrane results in anoikis, which is a self-defense strategy used by organisms to eliminate mislocated cells. Anoikis resistance is an important characteristic of tumor cells,^[@bib31],\ [@bib32]^ enabling tumor cells to invade adjacent tissues and to disseminate to distant organs. The molecular mechanisms of anoikis resistance are mostly unclear.^[@bib29],\ [@bib30]^ Constitutive activation of STAT3 signaling pathway promotes the proliferation and survival of cancer cells.^[@bib38]^ The findings in several studies suggest that STAT3 activation may be involved in modulation of cell adhesion.^[@bib54]^ Our current study reveals that STAT3 activation has a key role in the development of anoikis resistance in cervical cancer cells. Overexpression of STAT3C or induction of endogenous STAT3 activation by IL-6 evidently inhibited anoikis of cervical cancer cells, whereas inhibition of STAT3 activation by WP1066 greatly promoted anoikis, particularly in the cells with Erbin deficiency, indicating that the development of anoikis resistance is at least partially dependent upon STAT3 activation.

The LAP proteins such as Scribble and LET-413 have important roles in maintaining epithelial cell polarity in *D. melanogaster* and *C. elegans*. As membrane-bound adaptor proteins, LAP family members may provide a scaffold within the basolateral domain to assemble adherens junctions. Loss of function of *let-413* and *scribble* genes disrupts epithelial organization and leads to abnormality in adherens junctions and cell polarity.^[@bib55]^ Erbin interacts with cell adhesion proteins and is colocalized with p0071 at the cell--cell contacts and lateral membrane in polarized epithelial cells. Disruption of the interaction between Erbin and p0071 impairs integrity of epithelial cell monolayer, implicating a potential role of Erbin in cell adhesion and polarization formation.^[@bib8]^ In our study, we demonstrate that Erbin deficiency in cervical cancer cells induces anoikis resistance both *in vitro* and *in vivo*, and knockdown of Erbin augments the effects of IL-6 on STAT3 activation and anoikis resistance. These data suggest that a IL-6/STAT3/Erbin loop exerts critical functions in protecting cells from anoikis and actively participates in cervical cancer progression and metastasis. However, reciprocal roles of Erbin and STAT3 in regulation of cell polarization and cell adhesion remain to be further investigated.

The previous studies showed that mutations in some genes encoding LAP proteins not only disrupted epithelial organization but also led to neoplastic overgrowth of tissues, revealing a close connection between cytoarchitecture and growth control.^[@bib24],\ [@bib55]^ Some members of LAP family have been proposed as tumor suppressors in *Drosophila* and human.^[@bib26],\ [@bib27]^ In our study, we present evidence indicating that loss of Erbin promotes the growth and metastasis of cervical cancer cells in nude mice. By immunohistochemical analysis of Erbin expression, we demonstrate that the expression of Erbin is significantly decreased or even lost in cervical cancer tissues, suggesting that loss of Erbin may contribute to malignant progression of human cervical cancer.

In summary, our study demonstrates for the first time that Erbin negatively modulates STAT3 activation in cervical cancer cells. Loss of Erbin magnifies IL-6-triggered STAT3 activation, endows cervical cancer cells with resistance to anoikis and facilitates malignant progression in human cervical cancer xenograft model.

Materials and methods
=====================

Cell culture and treatment
--------------------------

The human cervical cancer cell lines HeLa, SiHa, C33A, CaSki and human ovarian cancer cell line SKOV3 were obtained from the American Type Culture Collection (ATCC). All cell lines were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS (Hyclone, Logan, UT, USA). For treatment with IL-6 (Cell Signaling, Danvers, MA, USA) or ISO (Sigma, St Louis, MO, USA), the cells were incubated overnight in a serum-free medium and then treated with 10 ng/ml IL-6 or 10 μℳ ISO.

siRNA targeting Erbin
---------------------

The siRNA specifically targeting Erbin (5′-CACACUGUUGUAUGAUCAACCAU-3′)^[@bib15]^ was chemically synthesized by Invitrogen. Scramble siRNA (Invitrogen) was used as a control. HeLa, CaSki and SiHa cells were plated in 24-well plates at a density of 1.8 × 10^5^/ml/well and cultured for 24 h. Then the cells were transfected with the Erbin siRNA or control siRNA (6 pmol/well) using Lipofectamine RNAiMAX (Invitrogen) when approximately 80% confluent.

Construction and transfection
-----------------------------

The sequences, 5′-GCCACACTGTTGTATGATCAA-3′ and 5′-TTGATCATACAACAGTGTGGC-3′, in Erbin mRNA were selected through the siRNA Target Finder (<http://www.ambion.com/techlib/misc/siRNA_finder.html>, Ambion, Paisley, UK) as siRNA target sites. The synthetic double-strand oligonucleotides (Erbin shRNA, sense: 5′-TCGAGCCACACTGTTGTATGATCAAGGAATTCGTTGATCATACAACAGTGTGGCTTTTT-3\' and anti-sense: 5\'-CTAGAAAAAGCCACACTGTTGTATGATCAACGAATTCCTTGATCATACAACAGTGTGGC-3′ were inserted into the plasmid pSuppressorNeo (Imgenex, San Diego, CA, USA), according to the manufacturer\'s recommendation. Green fluorescent protein shRNA (sense: 5′-tcgagagagaccacatggtccttctggaattcgagaaggaccatgtggtctctcttttt-3′ and anti-sense: 5′-ctagaaaaagagagaccacatggtccttctcgaattccagaaggaccatgtggtctctc-3′) were used as a control. All constructs were verified by sequence analysis. The plasmid pRc/CMV-Stat3C-Flag (constitutive activated Stat3, Stat3C) is a generous gift from Dr Bromberg and Dr Darnell. The STAT3 reporter and pRL-TK reporter vectors were purchased from Promega (Madison, WI, USA). Transfection was carried out using Lipofectamine 2000 (Invitrogen) following the manufacturer\'s protocol.

Transduction
------------

HeLa, C33A and CaSki cells were infected with the lentiviral vectors expressing Erbin shRNA or control shRNA (GeneChem, Shanghai, China).

Western blot
------------

The following antibodies were employed for immunoblotting: the rabbit monoclonal antibodies against caspase-3 (Abcam, Cambridge, UK), phosphor-FAK (pY397, Abcam), phosphor-Src (Tyr416, Cell Signaling), phosphor-STAT3 (Tyr705, Cell Signaling) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Sungene Biotech, Tianjin, China), the rabbit polyclonal antibody against STAT3 (Cell Signaling) and mouse polyclonal antibody against Erbin (produced in our laboratory).^[@bib56]^ The experiments were repeated at least twice.

Quantitative reverse transcriptase--PCR
---------------------------------------

The total cellular RNA was isolated from HeLa cells using TRIzol reagent (Invitrogen). The cDNA was synthesized by reverse transcription kit (Fermentas, Glen Burnie, MD, USA) in accordance with the manufacturer\'s instructions. The specific primers (forward: 5′-TATTGTTAACCATGATGATGT-3′ and reverse: 5′-AGCGATTAGTTCTAATTGAGAAAA-3′) were used to detect the mRNA expression of Erbin in response to cell detachment. PCR was performed using SYBR Green Supermix (Agilent Technologies, Santa Clara, CA, USA) on Real-Time PCR Detection System (Agilent Technologies). The results were analyzed using the comparative threshold cycle method with β-actin (forward: 5′-gtggggcgccccaggcacca-3′, reverse: 5′-cttccttaatgtcacgcacgatttc-3′) as an internal control. The experiments were repeated at least twice.

Anoikis assays
--------------

Cells were cultured in the plates coated with PolyHEMA (Sigma) to avoid the adhesion of cells as described previously.^[@bib33]^ To determine the roles of IL-6 and AKT in cell-detachment-induced anoikis, 10 ng/ml IL-6 or 2.5 μℳ WP1066 (Calbiochem, Millipore Corporation, Billerica, MA, USA) was added into the cell culture. After incubation for different time periods, the cells were harvested, and cell apoptosis was measured using Annexin V-FITC detection kit (Calbiochem). The experiments were repeated at least twice.

Colony-formation assays
-----------------------

Anchorage-independent growth was determined by soft agar colony-formation assays. HeLa, C33A and CaSki cells stably expressing Erbin shRNA or control shRNA were suspended in DMEM containing 10% FBS and 0.35% agar and plated on top of the bottom layer of 0.6% agarose. In all, 3 × 10^3^ cells were plated in six-well plates and fed twice a week by adding 0.3 ml DMEM with 10% FBS. Colonies were stained with MTT (3-\[4,5-dimethylthiazol-2-yl\]-2,5 diphenyl tetrazolium bromide), photographed and measured after 20 days. The experiment was repeated in duplicate.

Luciferase assays
-----------------

HeLa cells were co-transfected with the STAT3 reporter (Promega) and pRL-TK reporter plasmid using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s protocol. After transfection for 48 h, the cells under conventional culture or in suspension culture were incubated in serum-free medium for an additional 24 h and then stimulated with 10 ng/ml IL-6. For luciferase assays, cells were lysed in lysis buffer (Promega). Firefly and Renilla luciferase activities were measured with a dual luciferase assay kit (Promega) according to the manufacturer\'s instructions. All transfections were carried out in triplicate and repeated at least twice.

Immunofluorescence and confocal microscopy
------------------------------------------

The HeLa cells were treated with 10 ng/ml IL-6 for different time periods and then labeled with the rabbit monoclonal antibody against phosphor-STAT3 (Tyr705, Cell Signaling). Binding was detected by Alexa fluor 549-labeled (red) secondary antibody (Invitrogen). Nuclei were stained with 1 μg/ml DAPI (4,6-diamidino-2-phenylindole; Sigma). Fluorescence images were collected under a laser scanning confocal microscope (LSM 510 META, ZEISS, Oberkochen, Germany). This experiment was repeated in duplicate.

Tissue array and immunohistochemistry
-------------------------------------

A tissue microarray containing cores from 40 cervical cancer and normal cervical tissues was purchased from the US Biomax company (Rockville, MD, USA). Immunohistochemical staining was performed as described previously^[@bib36],\ [@bib57]^ by using the rabbit polyclonal antibody against Erbin (Santa Cruz, Dallas, TX, USA). Staining was assessed microscopically by two independent pathologists. Photomicrographs were taken with an Olympus microscope (Tokyo, Japan).

*In vivo* anoikis assays
------------------------

HeLa cells stably expressing control shRNA (HeLa/NC) or Erbin shRNA (HeLa/Erbin-sh) were labeled by CFSE (Dojindo Laboratories, Dojindo, Kumamoto, Japan) according to the manufacturer\'s instruction. Subsequently, the labeled cells were implanted into the peritoneal cavity of nude mice. After 72 h, the mice were killed and peritoneal cells harvested by lavage of peritoneal cavity. Annexin V-phycoerythrin and CFSE dual-positive cells were analyzed by flow cytometry (FACS).

*In vivo* assays for tumor growth and metastasis
------------------------------------------------

Six-to-seven-week old female Balb/C athymic nude mice were purchased from Beijing Vital River Laboratory Animal Technology Co. Ltd (Beijing, China). In all, 5 × 10^6^ HeLa/NC or HeLa/Erbin-sh cells were subcutaneously injected into the right flanks of each mouse. Each group contains six mice. The mice were monitored daily and tumor volumes estimated according to the formula volume=length × width^2^/2. At the end of the experiments, the mice were killed. The primary tumors were dissected and weighted.

To evaluate the effects of Erbin knockdown on tumor metastasis in the peritoneal cavity of mice, 5 × 10^6^ HeLa/NC or HeLa/Erbin-sh cells were injected into the peritoneal cavity of mice. At 56 days after implantation, the mice were killed. The peritoneal cavities were dissected, viewed and photographed.

Statistical analysis
--------------------

Data were expressed as mean±s.d. Paired data were evaluated by Student\'s *t*-test. For comparisons between the multiple groups, two-way ANOVA tests were employed. *P*\<0.05 was considered statistically significant.
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![Loss of Erbin protects cervical cancer cells from cell-detachment-induced anoikis. (**a**, **b**) HeLa cells were transfected with control or Erbin siRNA. After transfection for 24 h, the cells were cultured in the medium containing 1% serum (**a**) or no serum (**b**) in the plates coated with PolyHEMA to avoid the adhesion of cells. After incubation for 72 h, the cells were harvested and the percentage of cellular apoptosis was analyzed by FACS using Annexin V-FITC detection kit. (**c**) HeLa cells stably expressing control shRNA (HeLa/NC) and Erbin shRNA (HeLa/Erbin-sh) were established by lentiviral transduction. Cleavage of full-length caspase-3 in response to cell detachment was analyzed in these cells by western blot. (**d**) In all, 3 × 10^3^ HeLa/NC and HeLa/Erbin-sh cells were suspended in DMEM containing 10% FBS and 0.35% agar and plated on top of the bottom layer of 0.6% agarose in six-well plates. Anchorage-independent growth was determined by colony-formation assays. Colonies were stained with MTT, photographed and measured after 20 days. (**e**) C33A cells transfected with control or Erbin siRNA were cultured in the medium containing 1% serum in the plates coated with PolyHEMA. After incubation for 72 h, the anoikis rates were determined by FACS. (**f**, **g**) C33A cells stably expressing control shRNA (C33A/NC) or Erbin shRNA (C33A/Erbin-sh) were cultured in the medium containing 1% serum in the plates coated with PolyHEMA. The cleavage of full-length caspase-3 was analyzed by western blot (**f**). Anchorage-independent growth was determined by colony-formation assays (**g**). \*\**P*\<0.01. PI, propidium iodide.](oncsis201318f1){#fig1}

![Loss of Erbin induces STAT3 activation in cervical cancer cells. (**a**, **b**) HeLa/NC and HeLa/Erbin-sh cells were cultured in the media containing 1% or 10% or no serum. The phosphorylations of FAK (**a**) and Src (**b**) were analyzed by western blot. (**c**) Parental HeLa (HeLa/WT), HeLa/NC and HeLa/Erbin-sh cells were cultured in the media containing 1% or no serum. The phosphorylation of STAT3 was analyzed by western blot. The relative STAT3 phosphorylation levels were determined by densitometry and normalized with protein levels. (**d**) HeLa/NC and HeLa/Erbin-sh cells were cultured in the media containing 1% serum in the plates coated with PolyHEMA. The phosphorylation of STAT3 was analyzed at the indicated time points. The relative STAT3 phosphorylation levels were determined by densitometry and normalized with protein levels. (**e**) HeLa/NC and HeLa/Erbin-sh cells were cultured in serum-free media. The phosphorylation of STAT3 was analyzed at the indicated time points. (**f**) HeLa/NC and HeLa/Erbin-sh cells were cultured in serum-free media overnight and then treated with 10 μℳ ISO. The phosphorylation of STAT3 was analyzed at the indicated time points. \*\**P*\<0.01.](oncsis201318f2){#fig2}

###### 

Loss of Erbin expression confers resistance of cervical cancer cells to anoikis in a STAT3-dependent manner. (**a**, **b**) HeLa cells were transfected with the plasmid expressing STAT3C (HeLa/STAT3C) or the empty vector (HeLa/Vector). The transfected cells were cultured in the medium containing 1% serum in the plates coated with PolyHEMA. After incubation for 48 and 72 h, the anoikis rates were determined by FACS. (**c**, **d**) HeLa/NC and HeLa/Erbin-sh cells cultured in suspension were treated with WP1066. The anoikis rates were determined by FACS. (**e**, **f**) HeLa/NC and HeLa/Erbin-sh cells under conventional culture were treated with WP1066. The apoptotic rates were determined by FACS. (**g**, **h**) HeLa/NC and HeLa/Erbin-sh cells were treated with WP1066, U0126 or PD98059. The anoikis rates were determined by FACS. \*\**P*\<0.01. DMSO, dimethyl sulfoxide; PI, propidium iodide.
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![Erbin negatively regulates IL-6-induced anoikis resistance. (**a**, **b**) HeLa cells were treated with or without IL-6, and the anoikis rates determined after 72 h of suspension culture. (**c**, **d**) HeLa/NC and HeLa/Erbin-sh cells cultured in suspension were treated with or without IL-6. The anoikis rates were determined by FACS after 96 h. \*\**P*\<0.01. PI, propidium iodide.](oncsis201318f4){#fig4}

![Erbin negatively regulates IL-6/STAT3 pathway. (**a**) HeLa/NC and HeLa/Erbin-sh cells under conventional culture were treated with 10 ng/ml IL-6. The activation of STAT3 was analyzed by western blot at the indicated time points. (**b**) HeLa/NC and HeLa/Erbin-sh cells were treated with 10 ng/ml IL-6 and then labeled with the anti-phoaphor-STAT3 antibody and Alexa fluor 549-labeled secondary antibody. Nuclei were stained with 1 μg/ml DAPI. Nuclear translocation of activated STAT3 was observed under a laser scanning confocal microscope. (**c**) HeLa/NC and HeLa/Erbin-sh cells grown in 24-well plates were transiently cotransfected by the STAT3 reporter and pRL-TK vectors. The transfected cells were treated with or without 10 ng/ml IL-6. The luciferase activities were measured using a dual luciferase assay kit. (**d**, **e**) HeLa/NC and HeLa/Erbin-sh cells were cultured in the media containing 1% serum in the plates coated with PolyHEMA for 24 h and treated with or without 10 ng/ml IL-6. The phosphorylation of STAT3 was analyzed (**d**) and the luciferase activities were measured (**e**). (**f**) HeLa cells were treated with or without IL-6, and the expression of Erbin mRNA was analyzed by real-time reverse transcriptase--PCR (RT-PCR). (**g**) HeLa cells were transfected with pRc/CMV-Stat3C-Flag (HeLa/STAT3C) or the empty vector (HeLa/Vector). The expression of Erbin mRNA was examined by real-time RT-PCR. (**h**) The HeLa/STAT3C and HeLa/Vector cells were transfected with Erbin siRNA or control siRNA. The expression of Erbin protein was examined by western blot. (**i**) HeLa cells were starved overnight and then treated with AG490. IL-6 was added into the cell culture after 1 h of the treatment. The phosphorylation of STAT3 was analyzed by western blot at the indicated time points. \*\**P*\<0.01.](oncsis201318f5){#fig5}

![Knockdown of Erbin promotes proliferation and metastasis of cervical cancer cells in nude mice. (**a**, **b**) In all, 5 × 10^6^ HeLa/NC and HeLa/Erbin-sh cells were subcutaneously injected into the right flanks of six-to-seven-week old female Balb/C athymic nude mice. The mice were monitored daily, and tumor volumes estimated according to the formula volume=length × width^2^/2. At the end of the experiments, the mice were killed. The primary tumors were dissected and weighted. (**c**, **d**) HeLa/NC and HeLa/Erbin-sh cells were labeled with CFSE and then implanted into the peritoneal cavity of nude mice. At 72 h after implantation, the apoptotic rates of the tumor cells from peritoneal cavity were determined by FACS analysis of CFSE and Annexin V-phycoerythrin double-positive cells. (**e**) In all, 5 × 10^6^ HeLa/NC and HeLa/Erbin-sh cells were implanted into the peritoneal cavity of nude mice. After implantation for 56 days, the peritoneal cavities were dissected and photographed. (**f**) The expression of Erbin in human cervical cancer tissues was analyzed by immunohistochemistry with the antibody against Erbin using a tissue microarray containing cervical cancer and normal cervical tissues.](oncsis201318f6){#fig6}
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